he benefit of fibrinolytic therapy for myocardial infarction with ST-segment elevation is limited by inadequate reperfusion or reocclusion of the infarct-related artery in a sizable proportion of patients. Initial reperfusion fails to occur in approximately 20 percent of patients [1] [2] [3] and is associated with a doubling of mortality rates. 4 The artery becomes reoccluded in an additional 5 to 8 percent of patients during their index hospitalization, and this event is associated with an increase in mortality rates by a factor of nearly three. 5 Platelet activation and aggregation play a key role in initiating and propagating coronary-artery thrombosis. In the Second International Study of Infarct Survival, conducted in patients with acute myocardial infarction, aspirin reduced the odds of death from vascular causes by 23 percent and the odds of reinfarction by 46 percent. 6 Aspirin has also been shown to reduce the rate of angiographic reocclusion by 22 percent, as compared with placebo. 7 Clopidogrel is an adenosine diphosphatereceptor antagonist, a class of oral antiplatelet agents that block the P2Y 12 component of the adenosine diphosphate receptor and thus inhibit the activation and aggregation of platelets. 8 Clopidogrel has been shown to prevent death and ischemic complications in patients with symptomatic atherosclerotic disease, patients who have undergone percutaneous coronary intervention, and patients with unstable angina or myocardial infarction without ST-segment elevation. [9] [10] [11] A major remaining question is whether the addition of clopidogrel is beneficial in patients who have myocardial infarction with ST-segment elevation and who are receiving a standard fibrinolytic regimen, including aspirin.
patient population
Between February 10, 2003, and October 31, 2004, 3491 patients were enrolled at 319 sites in 23 countries (listed in the Appendix). As described previously, 12 men and women 18 to 75 years of age were eligible if they had begun to have ischemic discomfort at rest within 12 hours before randomization and it had lasted more than 20 minutes; if they had ST-segment elevation of at least 0.1 mV in at least two contiguous limb leads, ST-segment elevation of at least 0.2 mV in at least two contiguous precordial leads, or left bundle-branch block that was not known to be old; and if they were scheduled to receive a fibrinolytic agent, an anticoagulant (if a fibrin-specific lytic agent was prescribed), and aspirin.
Exclusion criteria were as follows: treatment with clopidogrel within seven days before enrollment or planned treatment with clopidogrel or a glycoprotein IIb/IIIa inhibitor before angiography; contraindications to fibrinolytic therapy (including documented stroke, intracranial hemorrhage, and intracranial neoplasm); a plan to perform angiography within 48 hours in the absence of a new clinical indication; cardiogenic shock; prior coronary-artery bypass grafting; and a weight of 67 kg or less and receipt of more than a 4000-U bolus of unfractionated heparin, a weight of more than 67 kg and receipt of more than a 5000-U bolus of unfractionated heparin, or receipt of more than a standard dose of low-molecular-weight heparin.
The protocol was approved by the institutional review board at each participating center. Written informed consent was obtained from all patients.
study protocol
Patients were randomly assigned in a 1:1 ratio to receive either clopidogrel (Plavix, Sanofi-Aventis and Bristol-Myers Squibb; a 300-mg loading dose followed by 75 mg once daily) or placebo in a double-blind fashion by means of a central, computerized system of randomization. Patients were to receive study medication daily up to and including the day of coronary angiography. For patients who did not undergo angiography, study drug was to be administered up to and including day 8 or hospital discharge, whichever came first.
All patients were to be treated with a fibrinolytic agent (selected by the treating physician), aspirin (recommended dose, 150 to 325 mg on the first day and 75 to 162 mg daily thereafter), and for those receiving a fibrin-specific lytic agent, heparin for 48 hours. The recommended dose of unfractionated heparin was a bolus of 60 U per kilogram of body weight given intravenously (maximum, 4000 U), followed by infusion at a rate of 12 U per kilogram per hour (maximum, 1000 U per hour). 13 The use of low-molecular-weight heparin instead of unfractionated heparin and the use of heparin in patients receiving streptokinase were at the discretion of the treating physician. Unless clinically indicated, the use of glycoprotein IIb/IIIa inhibitors was permitted only after coronary angiography.
Coronary angiography was to be performed according to the protocol during the index hospitalization, 48 to 192 hours after the start of study medication, to assess for late patency of the infarct-related artery. Angiography was permitted before 48 hours had elapsed only if clinically indicated. 12, 13 For patients who underwent coronary stenting, it was recommended that open-label clopidogrel be administered after angiography, with the use of a loading dose of at least 300 mg, followed by a daily dose of 75 mg. Patients were to undergo electrocardiography at baseline and 90 and 180 minutes after the administration of the loading dose of study drug.
Patients were followed for clinical end points and adverse events during their index hospitalization. Telephone follow-up was performed at 30 days to identify clinical end points or adverse events, which were verified by means of medical records. Vital status was ascertained in 3487 of the 3491 patients (99.9 percent).
end points
The primary efficacy end point was the composite of an occluded infarct-related artery (defined by a Thrombolysis in Myocardial Infarction [TIMI] flow grade of 0 or 1) on angiography, death from any cause before angiography could be performed, or recurrent myocardial infarction before angiography -the last two of which served as surrogates for failed reperfusion or reocclusion of the infarctrelated artery. For patients who did not undergo angiography, the primary end point was death or recurrent myocardial infarction by day 8 or hospital discharge, whichever came first. The TIMI flow grade 1 in the infarct-related artery was determined in a blinded fashion by the TIMI Angiographic Core Laboratory. The definitions of recurrent myocardial infarction and other efficacy end points have been described previously. 12 The primary safety end point was the rate of major bleeding (according to TIMI criteria 14 ) by the end of the calendar day after angiography or, if angiography was not performed, by day 8 or hospital discharge, whichever came first. Other safety end points included the rates of intracranial hemorrhage and minor bleeding (according to TIMI criteria). All ischemic and any clinically significant bleeding events were adjudicated in a blinded fashion by members of an independent clinical-events committee.
statistical analysis
We estimated that the enrollment of 3500 patients would provide the study with a statistical power of * Plus-minus values are means ±SD. None of the differences between groups were statistically significant. Data on weight were missing for 61 patients (31 in the clopidogrel group and 30 in the placebo group), and data on smoking status were missing in 7 patients (2 and 5, respectively). † Race was self-reported. ‡ One patient in the placebo group was treated with both reteplase and streptokinase. § Initial heparin includes any heparin that was given immediately before or during the first two hours after randomization. ¶ ACE denotes angiotensin-converting enzyme. 95 percent to detect a relative reduction in the rate of the primary end point of 24 percent (from 19.0 to 14.4 percent) with the use of a two-sided test at the 5 percent level. All efficacy analyses were based on the intention-to-treat principle. The prospectively defined analyses of the primary and secondary end points involved a logistic-regression model that included terms for the treatment group, the type of fibrinolytic agent used, the type of heparin used, and the location of the infarct. For continuous variables, differences between the treatment groups were assessed by analysis of variance. Safety analyses were performed according to the treatment actually received by each patient. The rates of the safety end points and stroke were compared with the use of Fisher's exact test. An independent data and safety monitoring board monitored the incidence of the safety end points after the enrollment of every 500 patients, with one formal interim analysis after 50 percent of the patients had been enrolled. No stopping rules were specified; therefore, the overall significance levels were not adjusted as a result of the formal interim analysis.
The study was an investigator-initiated clinical trial by the TIMI Study Group, which designed the trial and had free and complete access to the data. Data were coordinated by the Nottingham Clinical Research Group. Members of the TIMI Study Group and of the Nottingham group carried out the prespecified analyses, and the sponsors independently validated them.
A total of 3491 patients underwent randomization, and the two groups were well matched with regard to baseline characteristics (Table 1) . Their average age was 57 years, 80.3 percent were men, 50.3 percent were current smokers, and 9.1 percent had a history of myocardial infarction. A total of 99.7 percent of the patients received a fibrinolytic agent, of whom 68.8 percent received a fibrin-specific agent. The median time from the onset of symptoms to the administration of a fibrinolytic agent was 2.7 hours. A total of 98.6 percent of the patients received aspirin. For initial anticoagulation, 45.8 percent received unfractionated heparin, 29.6 percent lowmolecular-weight heparin, 5.0 percent both, and 19.5 percent neither. results * Data on the Thrombolysis in Myocardial Infarction (TIMI) flow grade were available for 1640 patients in the clopidogrel group and 1634 patients in the placebo group; data on TIMI myocardial-perfusion grade were available for 1585 and 1596 patients, respectively; data on thrombus were available for 1622 and 1619 patients, respectively; and data on stenosis and the minimal luminal diameter were available for 1560 and 1559 patients, respectively. CI denotes confidence interval. † The primary efficacy end point was ascertained through the start of coronary angiography (at a median of 3.5 days) or, among patients who did not undergo angiography, at hospital discharge or day 8, whichever came first. ‡ This value is the mean difference between groups, rather than the odds ratio. In all, 98.9 percent of the patients received study medication. The median time from the administration of a fibrinolytic agent to the administration of study medication was 10 minutes (interquartile range, 5 to 25). Patients received a median of four doses of study medication. The rate of use of other cardiac medications was high and similar in the two groups (Table 1) . Angiography was performed in 93.9 percent of the patients in the clopidogrel group and 94.2 percent of those in the placebo group, at a median of 84 hours after randomization in each group. Percutaneous coronary intervention and coronary-artery bypass grafting were performed in 57.2 percent and 5.9 percent, respectively, of the patients in the clopidogrel group and in 56.6 percent and 6.0 percent, respectively, of those in the placebo group. After angiography and ascertainment of the primary end point, open-label clopidogrel or ticlopidine was given to 56.7 percent of the patients in the clopidogrel group and 57.4 percent of those in the placebo group.
efficacy end points
The rates of the prespecified primary efficacy end point were 21.7 percent in the placebo group and 15.0 percent in the clopidogrel group, representing an absolute reduction of 6.7 percentage points in the rate and a 36 percent reduction in the odds of the end point in favor of treatment with clopidogrel (95 percent confidence interval, 24 to 47 percent; P<0.001). Among the individual components of the primary end point (Table 2) , clopidogrel had the greatest effect on the rate of an occluded infarct-related artery (reducing it from 18.4 percent
Figure 1. Rates of and Odds Ratios for the Primary Efficacy End Point Overall and in Various Subgroups.
The primary efficacy end point was a composite of a Thrombolysis in Myocardial Infarction (TIMI) flow grade of 0 or 1 on angiography or death or recurrent myocardial infarction before angiography. For the logistic-regression models to converge correctly, the 10 patients who did not receive a fibrinolytic agent were excluded from the subgroup analyses. The analysis of subgroups according to the type of heparin used was based on the predominant heparin used from randomization to the time of angiography. All P values for interactions were not significant. The overall treatment effect is represented by the diamond, the left and right borders of which indicate the 95 percent confidence interval. The dotted line represents the point estimate of the overall treatment effect. For subgroups, the size of each box is proportional to the number of patients in the individual analyses. The horizontal lines represent the 95 percent confidence intervals. 
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Odds Ratio Reduction in Odds to 11.7 percent; 41 percent reduction in the odds; P<0.001) and the rate of recurrent myocardial infarction (reducing it from 3.6 to 2.5 percent; 30 percent reduction in the odds; P= 0.08), but it had no significant effect on the rate of death from any cause (2.2 percent in the placebo group vs. 2.6 percent in the clopidogrel group, P=0.49). The beneficial effect of clopidogrel on the incidence of the primary end point was consistent across the prespecified subgroups, as defined on the basis of age, sex, the type of fibrinolytic agent used, the type of heparin used, and the location of the infarct (Fig. 1) . Clopidogrel improved all angiographic measurements (Table 2) . Specifically, as compared with placebo, treatment with clopidogrel increased the odds of achieving optimal epicardial flow (defined by a TIMI flow grade of 3) by 36 percent (P<0.001) and the odds of achieving optimal myocardial reperfusion (defined by a TIMI myocardial-perfusion grade of 3) by 21 percent (P=0.008) and reduced the odds of intracoronary thrombus by 27 percent (P<0.001). As compared with placebo, treatment with clopidogrel also resulted in less severe stenosis (P=0.001) and a larger minimal luminal diameter of the infarct-related artery (P=0.001). Clopidogrel therapy had no significant effect on the mean degree of resolution of ST-segment elevation by 180 minutes: the degree of resolution was 59 percent (median, 73 percent) with clopidogrel, as compared with 61 percent (median, 72 percent) with placebo (P=0.22). As compared with placebo, clopidogrel therapy was associated with a 21 percent reduction in the odds of the need for early angiography (i.e., within 48 hours after randomization) for clinical indications (15.4 percent vs. 18.6 percent, P=0 .01) and a 21 percent reduction in the odds of the need for revascularization on an urgent basis during the index hospitalization, as assessed by local investigators (19.5 percent vs. 23.3 percent, P=0.005) . Among the patients who underwent percutaneous coronary intervention, the rates of use of glycoprotein IIb/IIIa were 29.3 percent in the clopidogrel group and 33.0 percent in the placebo group (P=0.07). By the time of the ascertainment of the primary end point (median, 3.5 days), the rate of the composite end point of death, recurrent myocardial infarction, or recurrent myocardial ischemia was 8.3 percent in the clopidogrel group and 9.3 percent in the placebo group (reduction in the odds, 12 percent; P=0.27).
By 30 days, clopidogrel therapy had reduced the odds of the composite end point of death from cardiovascular causes, recurrent myocardial infarction, or recurrent ischemia leading to the need for urgent revascularization by 20 percent (from 14.1 to 11.6 percent, P=0.03) (Fig. 2) . In terms of the individual end points (Fig. 3) , there were the following: no difference in the rate of death from cardiovascular causes; a statistically significant, 31 percent reduction in the odds of recurrent myocardial infarction in the clopidogrel group as compared with the placebo group (P=0.02); a 24 percent reduction in the odds of recurrent myocardial ischemia leading to the need for urgent revascularization (P=0.11); and a 46 percent reduction in the odds of stroke (P=0.052).
safety end points
The rates of the primary safety end point, TIMIdefined major bleeding through the day after angiography, were 1.3 percent in the clopidogrel group and 1.1 percent in the placebo group (P=0.64) (Table 3). There were no significant increases in the risk of major bleeding with clopidogrel in any of the subgroups prespecified according to the type of fibrinolytic agent used, the type of heparin used, age, sex, or weight (data not shown). The rates of TIMI-defined major bleeding or the need for the transfusion of at least 2 units of blood were 1.8 The odds ratio for this end point was significantly lower in the clopidogrel group than in the placebo group at 30 days (11.6 percent vs. 14.1 percent; odds ratio, 0.80 [95 percent confidence interval, 0.65 to 0.97]; P=0.03). percent in the clopidogrel group and 1.3 percent in the placebo group (P=0.28), and the rates of TIMI-defined minor bleeding through the day after angiography were 1.0 percent and 0.5 percent, respectively (P=0.17) ( Table 3 ). The rates of intracranial hemorrhage were 0.5 percent in the clopidogrel group and 0.7 percent in the placebo group (P=0.38). At 30 days, there were no significant differences in the rates of major or minor bleeding between the two groups (Table 3) . Among the 136 patients who underwent coronary-artery bypass grafting during the index hospitalization, treatment with clopidogrel was not associated with a significant increase in the rate of major bleeding through 30 days of follow-up (7.5 percent in the clopidogrel group, as compared with 7.2 percent in the placebo group; P=1.00), even among those who underwent coronary-artery bypass grafting within 5 days after the discontinuation of study medication (9.1 percent and 7.9 percent, respectively; P=1.00).
Our study demonstrates the benefit of adding clopidogrel to aspirin and fibrinolytic therapy for myocardial infarction with ST-segment elevation. Treatment with a loading dose of 300 mg of clopidogrel followed by a daily dose of 75 mg resulted in a 36 percent reduction in the odds of an occluded infarctrelated artery or death or recurrent myocardial infarction by the time of angiography. The benefit was consistent across a broad range of subgroups, including those categorized according to the type of fibrinolytic agent used and the type of heparin used. By 30 days, clopidogrel therapy led to a significant, 20 percent reduction (from 14.1 to 11.6 percent) in the odds of the composite end point of death from cardiovascular causes, recurrent myocardial infarction, or recurrent ischemia leading to the need for urgent revascularization. Treatment with clopidogrel was not associated with an increased rate of major bleeding or intracranial hemorrhage. Arterial thrombi that are rich in platelets are relatively resistant to fibrinolysis and prone to induce reocclusion after initial reperfusion. 15 Despite the inhibition of cyclooxygenase by aspirin, platelet activation can still occur through thromboxane A 2 -independent pathways, leading to the aggregation of platelets and the formation of thrombin. 16 Clopidogrel is a potent antiplatelet agent that has a synergistic antithrombotic effect when combined with aspirin. 17 Clopidogrel has been shown to benefit patients with documented atherosclerosis (rediscussion cent myocardial infarction, recent stroke, or established peripheral arterial disease), patients who have undergone percutaneous coronary intervention, and patients with unstable angina or myocardial infarction that is not associated with ST-segment elevation. [9] [10] [11] We now extend those findings to patients with the most severe manifestation of atherosclerotic coronary artery disease: myocardial infarction that is associated with ST-segment elevation.
Since the use of aspirin, heparin, and fibrin-specific lytic therapy became established for myocardial infarction with ST-segment elevation in the late 1980s and early 1990s, 6, 18, 19 there have been many attempts to improve on this regimen, with little success. Newer fibrinolytic agents are equivalent but not superior to older fibrin-specific agents. 20, 21 Aggressive antiplatelet therapy with glycoprotein IIb/IIIa inhibitors improves the rate of patency and reduces the risk of reinfarction, but at the cost of doubling the rates of major bleeding and, in patients older than 75 years of age, intracranial hemorrhage. 22, 23 Low-molecular-weight heparin has emerged as an attractive alternative to unfractionated heparin in patients who have myocardial infarction with ST-segment elevation, 24 and the efficacy and safety of enoxaparin are currently being tested in a large clinical trial. 25 The benefit we observed with clopidogrel was equally apparent in patients treated with unfractionated heparin and patients who received low-molecular-weight heparin.
The trial was not powered to detect a survival benefit, and none was seen. However, we did observe consistent effects of clopidogrel in improving multiple angiographic outcomes and reducing ischemic events, all of which have been shown to be associated with improved long-term survival after myocardial infarction. 2, 4, 5, [26] [27] [28] The use of protocol-driven angiography and its attendant high rate of revascularization in our trial may have attenuated the translation of the angiographic benefit into an immediate reduction in mortality. Whether a mortality benefit would emerge in the setting of fibrinolysis without mandatory angiography is the subject of a separate study specifically powered to assess mortality. 29 We excluded patients who presented more than 12 hours after the onset of symptoms, those older than 75 years of age, and those with a history of coronary-artery bypass grafting. The efficacy and safety of adding treatment with clopidogrel to aspirin and fibrinolytic therapy in these groups remain to be established. There was a low rate of bleeding complications in our trial, most likely because of our emphasis on adherence to weight-based guidelines for heparin dosing. 13, 30 Still, the administration of a fibrinolytic agent in conjunction with heparin and two antiplatelet agents must be performed with caution. As with any clinical trial, application of the results to a different population outside the setting of the trial should be done carefully.
In conclusion, we found that, in patients 75 years of age or younger who have myocardial infarction with ST-segment elevation and who receive fibrinolytic therapy, aspirin, and (when appropriate) weight-based heparin, clopidogrel offers an effective, simple, inexpensive, and safe means by which to improve the rate of patency of the infarct-related artery and to reduce the rate of ischemic complications.
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